A method is described in which thrombin activity in clotting plasma can be monitored through the continuous measurement of the fluorescent split-product of the substrate Z-Gly-Gly-Arg-AMC. The signal is not impaired by turbidity; therefore proper measurement is not disturbed by the occurrence of a clot or the presence of platelets and direct measurement in platelet rich plasma is possible.
Introduction
The thrombin activity that generates at the site of a lesion is an important determinant of the extent of the haemostatic-thrombotic reaction that ensues. Most of the thrombin (>95%) generates after the moment of clotting, therefore the clotting time is not automatically a good indicator of thrombin activity. Thrombin activity in clotting blood is a transient phenomenon and therefore should be measured during the clotting process. It can be quantified by measuring the amount of product that is produced from an artificial thrombin substrate during coagulation. This amount is proportional to the area under the thrombin generation curve, i.e. the endogenous thrombin potential (ETP) (1) .
The thrombin generation curve, or thrombogram, reflects the action of the total clotting mechanism. In vitro the mechanism engaged is dependent upon the trigger used. Probably the clotting of whole blood in the presence of a small amount of tissue factor comes closest to the physiological situation.
The thrombogram is classically obtained via determination of the thrombin content in small subsamples taken at short intervals from clotting blood or plasma (2, 3) . This method is so labor intensive as to preclude its application in clinical or pharmaceutical routine. Previously we have described a method to obtain the thrombogram automatically via the color production from specially designed "slow" thrombin substrates (1) . This requires optically clear media so that it can be only applied to defibrinated plasma. Platelet rich plasma (PRP) and whole blood still require subsampling. Because thrombin generation in PRP appears to reveal important interactions between the platelets and the clotting system, including fibrin (4), we have developed a method to monitor thrombin generation automatically in PRP.
Materials and Methods

Reagents
The fluorogenic substrate Z-GGR-AMC (Bachem, Switzerland) was solved to a concentration of 5 mM in buffer containing 10% DMSO. The solution should be freshly prepared or stored at -20°C. As a buffer we used 20 mM HEPES, 150 mM NaCl, with 60 mg/ml bovine serum albumin (BSA; Lot A-7030, Sigma), pH 7.35. Recombinant tissue factor (rTF) was a kind gift of Prof. Yale Nemerson (New York). All other chemicals were reagent grade, commercially available.
Preparation of Plasma
PRP was obtained by centrifuging freshly drawn citrated blood (9 parts of blood to one part of 0.13 M trisodium citrate) at 250 g, 15°C for 10 min. The platelet count was adjusted to 3 ϫ 10 8 /ml using autologous PPP, made by double centrifugation of PRP at 1000 g, 15°C for 10 min. Heat inactivated plasma was PPP incubated for 30 min. at 56°C. It was checked that no clotting factors or antithrombin activity persisted.
Measurement of Thrombin Generation
Per well of a 96-well microtiter plate we added 80 µl of PRP and 20 µl of buffer that may contain a drug, an antibody or another substance to be tested and 1 pM of rTF. The reaction is started by adding 20 µl of the substrate solution containing 0.1 M CaCl 2 . The final concentrations therefore were: Plasma (citrated): 2:3 diluted; platelets, if present: 200,000 per µl; substrate: 833 µM; DMSO: 1,67%; rTF: 0.17 pM; CaCl 2 : 16.7 mM.
The microtiter plate fluorometer used is the Fluoroskan Ascent, type 374 (Labsystems, Helsinki, Finland) with an excitation filter at 390 nM and an emission filter at 460 nM. Fluorescence was measured from the bottom in 96-well clear-bottom plates. Fluorescence was measured in each well at 30 s intervals during 30 min. Typically six identical experiments were run in parallel allowing 16 experiments to be carried out simultaneously.
Thrombin amidolytic activities were calculated by comparing the arbitrary fluorescence values, corrected for the inner filter effect, to those of a standard calibration curve, prepared with known amounts of active-site titrated human ␣-thrombin in heated plasma. A linear increase of the fluorescent signal is seen as long as it remains <1000 arbitrary units, as in our experiments.
In control experiments, thrombin generation was determined with the subsampling method as reported in detail elsewhere (5, 6) .
Data Management
The course of the fluorescent signal from each of the wells is retrieved in an Excel spreadsheet (1) . The mean of 6 parallel experiments is obtained as follows: 1: Determination of the lag-time of thrombin formation. We define the lag time as the moment that the fluorescent signal deviates from a horizontal line by more than 2 ϫ SD. The lag-time is measured for each of the curves and the mean (± SD) is calculated. time point the mean value (± SD) of the fluorescent signal is calculated. The time course and confidence limits of thrombin activity is obtained as the first derivative of the mean curve (± SD). 4. Correction for the residual ␣2-macroglobulin-thrombin activity was carried out according to the algorithm published earlier (7) . (The algorithm can be found on website www.thrombin.com). 5) The first derivative of the fluorescence-time curve reflects the course of thrombin activity in the sample, analogous to the procedure in which a chromogenic substrate is used (1). Software is being developed to perform operations 1 through 5 in (near to) real time during the experiment.
Results
Any substrate protects thrombin from antithrombin action by keeping part of the thrombin bound in an enzyme-substrate complex. The fluorogenic substrate, when added in the subsampling method to a final concentration of 0.833 mM, increases the area under the thrombin generation curve of normal plasma to 735 ± 99 nM/min, as compared to a blank of 385 ± 52 nM/min. The influence of the DMSO, in the 1.67% final concentration required, on thrombin generation in PRP was also measured with the subsampling method. DMSO caused a slight (<10%) prolongation of the lag phase and did not alter the shape and magnitude of the thrombin generation curve. Fig. 1 shows the fluorescent signal as it is obtained from a single well in the fluorometer and the first derivative of that signal. Fig. 2 shows thrombograms from normal, non-defibrinated pooled PPP, compared to the PPP from a patient with an increased activity of the clotting system, before and 2 h after administration of 5000 IU of low molecular weight heparin (nadroparin) subcutaneously. The area under the curve obtained with pooled normal PPP is first expressed in arbitrary units (AU) of fluorescence intensity. In a parallel experiment we determined this area with the subsampling method and found it to be 374.6 nM/min. From this the conversion factor between fluorescence units and nM/min thrombin can be calculated (under our conditions 1 AU/min equals 0.192 nM of thrombin). The ETP in the untreated patient was 595.4 nM/min (159% of normal), after heparin administration it became 379 nM/min (101 % of normal). Fig. 3 shows a curve in PRP from a normal control and a mild von Willebrand patient (type 2a, 35% antigen activity, ~5% ristocetin cofactor activity). The abnormality of the thrombogram in the patient is obvious from the shape of the curve; the area under the curve (ETP) is decreased by 14%.
Discussion
The role of thrombin generation in haemostasis is obvious from the pathology of the hemophilias; its importance in venous thrombosis goes undisputed. Apart from platelet adhesion and aggregation, also thrombin generation must play a key role in arterial thrombosis because heparin administration as well as oral anticoagulation prevent coronary reinfarction (8, 9) . Many clinical and experimental observations support this conclusion (10) (11) (12) (13) (14) . The interactions between the platelet and the clotting system are many and varied. Thrombin is a very potent platelet activator and the generation of thrombin in PRP is strongly dependent upon platelet function. Blocking GPIIb/IIIa with an antibody e.g. inhibits thrombin generation (15) , fibrin activates the procoagulant activity of platelets and von Willebrand factor is required for normal thrombin generation in PRP (16) . Thrombin generation is diminished by pharmaceutical interference with platelet function by aspirin (17) , with GPIIb/IIIa antagonists (18, 19) and with clopidogrel (20) . In a group of 41 young stroke patients we found increased thrombin generation in the PRP of over half of the patients, only in one quarter of all patients this could be attributed to hypercoagulability of the PPP (21). This indicates that there exists a platelet-dependent form of hypercoagulability that can be found via the thrombogram of PRP.
Interactions between the platelet and the clotting system easily escape our attention because clotting is studied in platelet poor plasma and platelets are studied in anticoagulated plasma or in buffer.
Thrombin generation as a probe of the clotting function of blood stems from the 19 th century (e.g. 22) and was a principle means of investigation until the 1960s. Technically it was executed by timed subsampling from clotting blood or plasma on a fibrinogen solution (2, 3) , a method that is so labor intensive as to restrict its use to specialized laboratories. The subsampling technique cannot be used on the large scale required for modern clinical, epidemiological and pharmaceutical research. An alternative, the whole blood or PRP clotting time represents the lag-time of thrombin appearance (5) and thus yields only a small fraction of the information contained in the complete thrombin generation curve. Other features, such as peak height, time-to-peak and area under the curve (ETP) may vary independently of the lag time and indicate abnormal function even if the lag-time, and therefore the clotting time, is normal (see e.g. Figs. 2, 3) .
Previously we developed a method to monitor the thrombogram in defibrinated plasma via the OD-changes resulting from the splitting of a suitable chromogenic thrombin-substrate (1). We showed that thrombin generation in PPP is decreased by any type of anticoagulation tested and increased in plasma based hypercoagulant states (23) . Because of the defibrination, required to maintain transparency of the sample, this method cannot be applied to PRP. Fig.1 shows that the fluorescent signal is not hampered by fibrin formation and platelet related turbidity changes.
The present results have been obtained with a routine fluorometer and require averaging of the signal, off-line, in a spreadsheet. On line signal averaging and calculation of the first derivative in a dedicated instrument would allow to obtain the thrombogram directly. The correction for the thrombin like activity that is due to ␣2-macroglobulinbound thrombin, appears to be much smaller in fibrinogen containing media than that in defibrinated plasma, so that the first derivative of the fluorescence curve already gives a first impression of thrombin generation during the course of the experiment.
We conclude that the fluorimetric approach allows to probe thrombin generation in PRP easily and thereby opens the possibility to routinely assess the function of a large subsystem of the haemostaticthrombotic mechanism. From the results previously obtained via the subsampling method, one infers a wide applicability of this test as a diagnostic tool, as a monitor of antithrombotic drugs and as an indicator of pharmaceutical activity.
